ABSTRACT: Weak van der Waals forces between inert hexagonal boron nitride (h-BN) nanosheets make it easy for them to slide over each other, resulting in an unstable structure in macroscopic dimensions. Creating interconnections between these inert nanosheets can remarkably enhance their mechanical properties. However, controlled design of such interconnections remains a fundamental problem for many applications of h-BN foams. In this work, a scalable in situ freeze-drying synthesis of low-density, lightweight 3D macroscopic structures made of h-BN nanosheets chemically connected by poly(vinyl alcohol) (PVA) molecules via chemical cross-link is demonstrated. Unlike pristine h-BN foam which disintegrates upon handling after freeze-drying, h-BN/PVA foams exhibit stable mechanical integrity in addition to high porosity and large surface area. Fully atomistic simulations are used to understand the interactions between h-BN nanosheets and PVA molecules. In addition, the h-BN/PVA foam is investigated as a possible CO 2 absorption and as laser irradiation protection material.
W ith its naturally occurring layered structure, 1 hexagonal boron nitride (h-BN) has emerged as an important 2D material, possessing excellent properties such as high temperature stability, high thermal conductivity, as well as mechanical strength. 2 Unlike its carbon graphene "cousin", h-BN planar networks are composed of boron and nitrogen atoms arranged in a hexagonal structure, resulting in strong covalent bonds in an in-plane direction but with weak van der Waals forces between layers. 2−4 The fabrication of three-dimensional porous nanostructures from interconnected 2D materials such as graphene, 3, 4 clays, 5 metal dichalcogenides, 6, 7 etc. has proven to be a promising technique to exploit their properties for several applications including catalysis, 8−10 energy storage, 11 biological and environmental applications, 12 mechanical damping, 13 and gas sequestration. 14 Graphene and its derivatives such as graphene oxide (GO) have received much attention mainly due to their easy integration into 3D structures. The same cannot be said of fewlayer h-BN, which has proven to be difficult to synthesize as 3D constructs unless used as reinforcements 15 in nanocomposites. Although chemical vapor deposition (CVD) methods, 16, 17 spark plasma welding techniques, 18, 19 and surface chemistry methods 12, 14 have achieved considerable success in designing graphene-based nanoengineered 3D structures, there still exist enormous challenges in replicating the same for h-BN structures, in particular, in large quantities for large-scale applications. Recently, the freeze-drying method 20, 21 has proved to be an efficient method to produce 3D nanostructures from their 1D or 2D constituents. 12, 13, 22 This method can be improved further with surface chemistry, enabling the design of 3D structures with tailored surface properties. This combination is an inexpensive method to mass-produce selective macroscopic 3D nanostructures but has not been effective in producing scaffolds such as h-BN foams. 3D foams are essential for various applications due to their high porosity, hence their utilization as air filters 23 or gas absorption materials. With a controlled porosity and chemical functionalization in these 3D foams, they can serve as effective absorbents for a large class of different materials.
In this work, we report a technique to fabricate lightweight 3D macroscopic porous structures formed from h-BN nanosheets. First, the h-BN was liquid-phase-exfoliated in water to separate the layers, and then poly(vinyl alcohol) (PVA) was added (1−1.5 wt %), followed by freeze-drying. This method allows for the creation of intermolecular bonding between h-BN layers, where PVA acts like a bridge to link the individual layers, thus forming a network structure at the nanoscale. Unlike pristine h-BN foams, which normally disintegrate immediately once removed from a freeze-drier, h-BN/PVA foams show a robust freestanding structure with favorable mechanical stability. A detailed molecular dynamics (MD) study further verified and provided insights on the origins of such interconnections in improving the mechanical integrity. The foam also exhibits excellent CO 2 absorption and storage under varying pressure values. Furthermore, when coated with polydimethylsiloxane (PDMS), the foam shows superior laser shielding properties by withstanding a varied amount of laser energy with minimal structural degradation.
RESULTS AND DISCUSSION
In Figure 1a , the proposed schematic structure of interconnected h-BN nanosheets with PVA is presented. PVA molecules act as a cross-linker to link the h-BN nanosheets. The lightweight (0.029 g/cm 3 ), interconnected highly porous foam is shown in Figure 1b , with high mechanical stability. The foam exhibits a brown color appearance unlike the typical boron white color largely due to the PVA addition through the in situ freeze-drying method. The structural stability of foam is evidenced by its ability to carry a vial (2.7 g) with no visible structural damage, contrary to what is observed for pristine h-BN (Figure 1c) . A major drawback of freeze-dried formed foams is their disintegration in the presence of liquids, restricting their usefulness in various applications, which can be overcome using PVA addition. We immersed a PVAconnected foam and pristine h-BN foam into water, and in less than a minute, the pristine h-BN foam broke into small pieces, unlike the interconnected h-BN/PVA foam (Figure 1d ,e). The absence of interconnected networks in pristine h-BN foam could contribute to the observed structural collapse. Furthermore, the thermal stability of the h-BN is not significantly affected by the addition of PVA, as shown by the thermogravimetric analysis (TGA) thermograms ( Figure S1 ). The low-magnification SEM images shown in Figure 1f reveal that the porous architecture of h-BN sheets is interconnected. The h-BN/PVA foam at high magnification shows that h-BN sheets are connected through thin polymer layers.
Raman spectroscopic analysis is a useful tool to obtain information on the lattice vibration modes of the foams. In Figure S2a , we present Raman spectra of h-BN and h-BN/PVA foams. For exfoliated h-BN, a characteristic Raman peak at 1366−1373 cm −1 is normally associated with the E 2g phonon mode. 24, 25 For the pristine h-BN foam, the Raman peak is at 1366.7 cm −1 with a shift of 1.5 cm −1 from the Raman peak of bulk h-BN (1365.2 cm −1 ). This shift could be an indication of the reduction of the number of layers 26 compared to the bulk h-BN. This observation reveals an efficient exfoliation method of the pristine h-BN prior to being interconnected with PVA. On the other hand, the h-BN/PVA spectrum does not show the same h-BN characteristics. The normally low-intensity h-BN mode disappears once the nanosheets are wetted by the PVA molecules. PVA modes become dominant in the spectrum with a mode centered at 875 cm . X-ray diffraction data showed that the majority of crystals are normally oriented along the direction (002). 6 This characteristic can be found at 26.7°for both h-BN and PVA interconnected foams, which is suggestive that addition of PVA does not significantly interfere with the h-BN crystallinity (see Supporting Information Figure S2b ). Detailed XPS fitting was done to understand the functionalization of h-BN. The functionalization of BN sheets is evident from presence of a peak at 194 eV, resulting from the chemical shift of B 1s due to B 2 O 3 . In addition to this, we also observe chemical shifts due to C−N bond in N 1s and C 1s, again indicating functionalization (see Supporting Information Figure  S3 ). Through the oxidation reaction, hydroxyl groups (−OH) were formed on the surface or edge plane of BN, and the result was confirmed by Fourier transform infrared (FT-IR) spectroscopy. Comparative FT-IR spectra for raw h-BN and oxidized h-BN (f-BN) are shown in Figure S4 . The broad band at 3310 cm −1 can be assigned to hydroxyl groups (B− OH) at the edge side of h-BN. 27 Furthermore, the characteristic peak of B−N−O appeared at 1100 cm −1 . 28 This result clearly conformed to the presence of hydroxyl groups on the surface or edge side of h-BN via oxidation reaction. The introduced hydroxyl groups on the surface/edge side of h-BN can form the hydrogen bond with PVA. 29 Furthermore, PVA can acts as an effective cross-linker connecting the joints between individual h-BNs in the h-BN foam, thereby preventing slip behavior and stress concentration between the h-BN sheets and enhancing the mechanical properties of finally produced h-BN foam.
29,30
The interconnected h-BN/PVA foam is expected to exhibit enhanced mechanical properties. We subjected the foam to compressive loading cycles, as can be seen in Figure 2a . At low loads, the foam appears to maintain its structural integrity, unlike pristine h-BN which breaks immediately without taking any load. However, as the load increases, the foam undergoes irreversible damage. Analyzing individual load−unload cycles, we observed a nonlinear failure mechanism in the foams 31 like those observed in metallic microlattices 32 and elastomers: 33, 34 a Hookean region, a plateau, and finally densification, which is accompanied by an increase in load. Each failure region is characterized by different failure mechanisms. For instance, linear elastic failure dominates in the Hookean region, whereas the plateau failure is due to post-buckling of the foam branches and interconnected nodes. 31 In the densification region, as has been widely reported, the majority of internal microwalls break in large numbers without separating from each other but rather piling on top each other, which results in dense loading regions. The load−unload curves also exhibit hysteresis loops, which indicate better energy absorption. In a detailed study of h-BN foam grown by CVD, Yin et al. 31 attributed these hysteresis loops to kinking and buckling of microstructures, friction between branches, and cracks developed during initial compression. Next, we monitored the change in stiffness where the foam was subjected to constant load. We observed that with a steep increase in stiffness for the initial 2000 cycles, the increase of stiffness with number of cycles does not seem to end, only reducing the rate of increasing after 2000 cycles. The interconnected foams therefore exhibit some form of selfstiffening in a dynamic load. We have reported self-stiffening behavior of a vertically grown carbon nanotube (CNT) forest and spheres 35 where we attributed it to chain alignment of the polymer on the CNTs. 36 The self-stiffening observed here could be due to well-aligned PVA molecules, which may result in a better load transfer between individual h-BN layers. In addition under dynamic load, the PVA molecules do not have enough time to relax. The fact that there is a large number of layers forming an interconnected network results in a welldistributed load within the network. However, compaction of the porous structures due to dynamic loads can also contribute to such stiffness, especially at high loads. Temperature ramp tests show a linear relationship between storage modulus and temperature (Figure 2c ). The tests were carried out at different single-point frequencies, in which the storage moduli increase with an increase in temperature. The lowest modulus is observed for 1 Hz frequency and highest modulus at 22 Hz, which is double the value of that at 1 Hz. Frequency sweep tests also exhibit a linear relationship between modulus and frequency ( Figure 2d ). Higher modulus at high-frequency values could be attributed to the short time range the foam is given to relax. At such high frequencies, PVA molecules, which interconnect the h-BN nanosheets, do not get enough time to relax, hence the high storage modulus.
Scanning electron microscopy (SEM) was used to study the morphology of the h-BN/PVA to elucidate their inherent, enhanced mechanical properties compared to those of the pristine h-BN. As shown in Figure 2e , the foam is highly porous, forming a network-like structure. Individual h-BN nanosheets can be seen connected to each other due to the presence of PVA molecules, as clearly depicted by highmagnification SEM (Figure 2f ). These types of linkages between h-BN layers is important to design such macroscopic 3D structures composed entirely of their 2D building blocks. The presence of functional groups on the edges of h-BN nanosheets provides anchoring points for the polymer molecule to join them together, thus forming very strong and stable structures. In fact, these interconnections prevent crack propagation along the whole structure by deflecting cracks once they develop within the internal structure. To further shed light on the above-mentioned observations, we carried out full atomistic molecular dynamics simulations, as discussed below.
To elucidate the role of the PVA polymer in the enhanced mechanical and structural properties of the h-BN/PVA composite, we proposed a simplified structural model depicted in Figure 1 . To mimic the stress−strain response of the composite, we considered three different arrangements of h-BN sheets embedded by PVA polymer molecules. These arrangements were chosen in order to consider explicitly the interaction between the PVA polymer molecules with either the edges and the basal plane of the BN sheets. The orientations are as follows: case I (Figure 3a) , two neighboring three-layer h-BN anchoring two single-layer h-BN sheets embedded with PVA; case II (Figure 3b) , two neighboring three-layer h-BN with their relative edges facing each order and with PVA between; and case III (Figure 3c ), rotated by 90°. To show the enhancement in the mechanical response of the h-BN/PVA composite compared to pristine h-BN foams, we carried out MD simulations comparing the force necessary to pull these two structures apart (using case I as example of arrangement), as depicted in Figure 3d . This plot shows the relative displacement of the outer h-BN sheets (center of mass) as a function of the applied time-dependent force on this h-BN sheet. This arrangement attempts to mimic the experimental conditions, and it is expected to give a reliable comparison (at least in terms of the energies involved) between the h-BN/PVA composite and the pristine h-BN foams. As evidenced in Figure  2 , clearly the necessary force to pull the h-BN sheets apart is larger that in the case where the foams are filled with the PVA polymer, which results in a more resilient composite in relation to pristine h-BN foams. From the MD simulations, we can infer that the observed strong van der Waals interactions can be attributed to the high affinity between the hydroxyl groups present in PVA and h-BN nanosheets, which is consistent with the experimental observations discussed above.
Lightweight h-BN can be explored for various applications. Here, we demonstrate two uses for the h-BN/PVA, for CO 2 adsorption material and laser protection shields. For an effective CO 2 absorption material, porosity and chemical stability are important parameters to be considered. The porosity distribution and surface area of the macroscopic h-BN/PVA foam were measured through nitrogen adsorption/ desorption isotherms. As seen in Figure 4a , the curve reveals a type II adsorption/desorption isotherm for h-BN/PVA foams. 37 Interconnected networks formed by the PVA molecules could be responsible for such high surface areas by connecting the individual layers to an ordered porous structure. 12 The surface area of the foam has increased from 30.7 to 124.4 m 2 /g after 1 wt % PVA is added. The foam revealed a better pore size distribution as calculated from the Barret−Joyner−Halend (BJH) method ( Figure S4 ). As mentioned above, porous and lightweight materials possessing high surface area are crucial for effective CO 2 absorption.
38−40
Our h-BN/PVA foam can absorb and store CO 2 (Figure 4b ). The foam captured more than 320 mg/g of CO 2 at 54 bar. This highly improved CO 2 capture and storage are attributed to the enlarged and effective surface area, ordered porosity, and presence of nitrogen atoms within the internal structure of the foam.
To further elucidate the mechanism of CO 2 adsorption in the h-BN/PVA foam, we calculated the radial distribution function (RDF) of the PVA polymer in the adsorbed h-BN layer and CO 2 in the gas phase; the structural model used in this analysis is depicted in Figure 4c (see also the video in the Supporting Information). We carried out reactive molecular dynamics simulations at room temperature (see Simulation Details section). Succinctly, RDF describes how the local timeaveraged (50 ps) density varies as a function of the distance of a reference atom. To make the discussion clearer, we separated the RDF into two plots (see Figure 5) , one describing the PVA polymer/h-BN sheet interactions and the other one for the CO 2 adsorbed in the PVA/h-BN composite. Figure 5a shows the RDF of the equilibrated system of the PVA polymer on top of the h-BN layer. This plot shows that both hydroxyl (black curve) and CH 3 (blue curve) groups have good affinity toward the h-BN layer, but the hydroxyl groups have stronger interactions with h-BN, in comparison to CH 3 groups, as expected. Figure 5b shows the RDF case of CO 2 gas atmosphere adsorbed into the h-BN/PVA foam. This plot shows separately the CO 2 interactions with the h-BN layer (purple and green curves) and the PVA polymer (blue and red curves). CO 2 shows good affinity in both cases to the polymer and h-BN sheets. However, the CO 2 interactions with the hydroxyl and CH 3 groups presented in the PVA polymer are much stronger when compared to that of h-BN sheets, and CO 2 hydroxyl groups have the highest affinity of all.
Laser radiation damage in biological tissues is mainly due to thermal effects, where high power from the lasers leads to tissue burning and/or denaturing of proteins. With an ever-increasing power of lasers, it is important to design lightweight materials that can be used as protection shields. The thermally stable and emerging absorbing properties of low-density h-BN composite makes it good candidate for such applications. We coated our foam with PDMS to test its laser protection properties. The foam was subjected to different amounts of pulse widths with a modulation laser at 1, 10, 50, and 100% (Figure 6a ) (see Experimental Section for details). To quantify the damage caused by the laser, we measured the diagonal distances for each laser energy value. As shown in Figure 6b , the damage increases with increasing laser power, though no perforation of irradiated area was observed. At low laser power, the damage is insignificant. It should be noted here that pristine h-BN foam burnt completely with a laser power less than 1%. We further imaged the irradiated areas under SEM, and as can be seen on Figure 5 . Radial distribution function (RDF) of (a) PVA polymer into the adsorbed h-BN layer (see Figure 1a) ; (b) CO 2 in the gas phase into the adsorbed PVA/h-BN composite (see Figure 4c) . Results from reactive molecular dynamics simulations at 300 K. Notice the high affinity between CO 2 molecules and the PVA polymer (see text for discussion). Figure 6c , the nanosheets are still connected to each other. The interconnected networks of h-BN nanosheets prevent complete penetration of the laser energy through the foam. This interesting property could be useful for protection of laser power using this lightweight material.
CONCLUSION
In conclusion, we have reported the fabrication and mechanical characterization of stable interconnected porous lightweight h-BN foam structures. As a result of in situ freeze-drying with a water-soluble polymer (PVA), strong van der Waals interactions are produced among the h-BN nanosheets and the polymer, where the PVA acts like a glue to connect the sheets together. The hybrid structure exhibits enhanced mechanical properties, large surface area, and increased porosity. The interaction mechanism between the PVA and h-BN nanosheets was investigated by fully atomistic reactive MD simulations, which showed the high affinity between the hydroxyl groups present in PVA and h-BN nanosheets. Further demonstration as an efficient CO 2 absorption material (high CO 2 absorption of 340% was achieved) and laser protection is presented. A high CO 2 absorption of 340% is achieved by the foam, mainly due to nitrogen functional groups and an increased surface area.
EXPERIMENTAL SECTION
All materials and reagents used in this work were obtained from Sigma-Aldrich and used without any further treatment.
Preparation of Functionalized h-BN. For the preparation of oxidized BN (f-BN), 1 g of h-BN was dispersed in a 9:1 acid mixture (200 mL) of H 2 SO 4 /H 3 PO 4 (99% H 2 SO 4 ) and stirred at 50°C for 2 h. Next, 1.5 g of KMnO 4 was added to the mixture and stirred at 50°C for 6 h. The mixture was then poured over ice, followed by the addition of H 2 O 2 , and stirred for 1 h. The resulting mixtures were washed with 200 mL of DI water, 200 mL of 30 wt % HCl aqueous solution, and 200 mL of ethanol. The collected h-BN was dried at 50°C for 24 h. Preparation of h-BN/PVA Foam. First, 0.1 g of f-BN was added to 10 mL of DI water and sonicated for 1 h to aid in exfoliation. After sonication, the mixture was stirred at room temperature for 10 h. After that, resorcinol (11 mM), glutaraldehyde solution (22 mM), and sodium tetraborate (0.06 mM) were added. The resulting materials were stirred for 2 h. Then, 0.1 g of 1 wt % PVA solution (solvent: DI water) was added to the BN solution, and the mixture was sonicated at room temperature for 2 h. The resulting materials were then frozen under liquid nitrogen and subsequently freeze-dried for 24 h.
Characterization. The thermal stability of h-BN/PVA foam was studied under TGA in an inert environment (argon gas, at flow rate of 100 mL/min) using a TA Instrument (Q600). Around 10−15 mg of each sample was weighed prior to testing. The samples were subjected to a temperature ramp of 10°C/min from 30 to 700°C.
Mechanical characterization was investigated on a dynamic mechanical analyzer (DMA, Q800 TA Instruments). All tests were done in compression mode clamps at a frequency of 1 Hz, except for frequency sweep tests where the amplitude was kept at 20 μm. Temperature ramp tests were performed from 30 to 200°C at a heating rate of 5°C/min. The loading condition for the stiffness test was done by applying an amplitude of 20 μm with a static force of 0.01 N while maintaining a force track of 125% on the dynamic mechanical analyzer (DMA, Q800 TA). Stiffness, storage modulus, and glass transition temperature were then obtained from the data. SEM images were taken on a FEI Quanta 400 ESEM, at a scanning electricity of 15 to 20 kV. The laser irradiation was done in air with a 10.6 μm laser (CO 2 laser) cutter system (Universal Laser System, model XLS10MWH) at a fixed frequency of 3 kHz. The laser speed was a fixed laser scribing of 15.24 cm s −1 with an image density of 500 pulses per inches on an area of 0.25 cm 2 . The laser duty cycles were varied from 1 to 100% (75 W). X-ray diffraction was done on Rigaku D/Max Ultima II with Cu Kα radiation (1.542 nm), whereas Raman measurements were done on a Renishaw Raman spectrometer with a 532 nm laser.
Simulation Details. The fully atomistic molecular dynamics simulations were performed under a NVT ensemble (at 300 K) controlled by the Nose−Hoover thermostat, as implemented in the open source code large-scale atomic/molecular massively parallel simulator (LAMMPS). 41 The fully atomistic reactive force field ReaxFF 42, 43 was used in all simulations. This force field can accurately estimate chemical reactions as bond formation and/or breaking due to its parametrization through density functional theory calculations and/ or experimental data. ReaxFF uses a general relationship between bond distance/bond energy and bond order. The error in heat of formation values is around 2.8 kcal mol −1 , comparable to experimental data. The Quantification of the effect of laser on the foam by measuring the diagonal distance on the irradiated areas; as the laser power increases, the distances increases. (c) SEM images of irradiated areas, despite the high-energy dose of the lasers; the h-BN nanosheets appear interconnected due to the presence of polymer molecules linking them together to form an interconnected lightweight structure. Magnified SEM images of the GO layers, which prevent the penetration of laser radiation through the sample.
time step was chosen to be 0.2 fs to ensure the numerical stability of the simulations. Our structural model system was composed of hexagonal boron nitride square sheets of 41 Å in length and PVA polymer chains made up of 30 repeating units (monomers). To simulate the stress−strain process, we first thermalized the entire system for 100 ps at 300 K, followed by an application of a timedependent externally applied force on each boron/nitrogen atoms in the h-BN sheets along opposite directions in order to pull the sheets apart (see Figure 3d) . The force was applied until the sheets broke apart. In this study, we considered three different arrangements of hexagonal boron nitride sheets covered with the PVA polymer, as described in the Results and Discussion section. For the CO 2 adsorption simulation, we kept the same parameters and ensemble used in the stress−strain simulation. In the RDF analysis, we first equilibrated the system (depicted in Figure 4c ) for 100 ps and further took the averages for another 50 ps. A video of the equilibration process can be found in the Supporting Information.
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